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ABSTRACT 
Equations of state attempt to describe the relationship between temperature (T), 
pressure (P), and molar volume (v) for a given substance or mixture of substances. The 
ideal gas law is the simplest form of an equation of state. An ideal gas can be considered 
as a large quantity of small molecules that have no friction, no attractive or repulsive 
forces. The ideal gas law is a reasonable approximation at low pressures and high 
temperatures, but not at higher pressures and lower temperatures. Thus, better methods 
for predicting real gas behavior have been continuously introduced over the past 200 
years. 
Another approximation is to assume that gas atoms and molecules behave as hard 
spheres. These spheres are incompressible and only repulsive forces are significant at the 
moment of collision. A recent modification made to the van der Waals equation of state 
(VDW) incorporates the hard sphere model, giving better representation of the van der 
Waals parameters over a broader temperature and pressure range. 
The efficacy of this modified van der Waals equation of state was assessed for six 
previously researched compounds -ethane, propane, n-butane, n-pentane, argon and 
water. Physical property charts (specifically molar volume and molar enthalpy charts) 
were developed for these substances using the original VDW and modified VDW, as well 
as the Redlich-Kwong (RK) and Redlich-Kwong-Soave (RKS) equations of state. 
Results for molar volume revealed that for the four hydrocarbons, the modified VDW 
compared best with the given experimental data, but not for argon and water. Results for 
molar enthalpy showed the original VDW compared more favorably with experimental 
data than the original VDW, but not as well as the RK equation of state. 
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NOMENCLATURE 
A = Antoine equation coefficient 
a = original van der Waals a-parameter 
ao = modified van der Waals a-parameter at critical conditions 
aHS = modified van der Waals a-parameter 
a] = modified van der Waals constant 
a2 = modified van der Waals constant 
B = Antoine equation coefficient 
b = original van der Waals b-parameter 
bav = actual atomic molar volume 
bHS = modified van der Waals b-parameter 
bo = modified van der Waals constant 
C = Antoine equation coefficient 
C ig 
p = ideal gas heat capacity 
G = Gibbs energy 
Gig 
= Gibbs energy for ideal gas 
GR = residual Gibbs energy 
Hoig = standard-state enthalpy for ideal gas 
HR 
= residual enthalpy 
NA = Avagadro's number 




Pc = critical pressure 
Po = standard-state pressure 
psat 
= saturation pressure 
R = uni versal gas constant 
S = entropy 
T = temperature 
Tc = critical temperature 
To = standard-state temperature 
Tr = reduced temperature 
U = internal energy 
v = molar volume 
Va = atomic molar volume 
Veff = effecti ve molar volume 
Va = vapor molar volume 
" 
VI = liquid molar volume 
w = acentric factor 
Z = compressibility factor 
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I. INTRODUCTION 
All current specialized studies pertaining to the behavior of gaseous compounds can 
be traced back to one individual, Jacques Charles. In 1787, Charles, a French physicist 
and chemist, demonstrated the volume of a dry gas varies directly with temperature in a 
constant pressure environment. Other early innovators, whose work followed Charles', 
performed experiments at temperatures and pressures such that distance between 
molecules was great enough to neglect the effect of intermolecular forces and friction. 
This type of gas, composed of a large quantity of small molecules that have no friction, 
no attractive or repulsive forces, was defined to be an ideal gas. The equation that 
describes the relationship between temperature, pressure, and volume under these 
conditions is known as the ideal gas law (Himmelblau, 2000). 
The ideal gas law is the simplest form of an equation of state. Equations of state 
attempt to describe the relationship between temperature (T), pressure (P), and molar 
volume (v) for a given substance or mixture of substances. The ideal gas law states the 
following relationship (Smith et aI., 2002) 
Pv=RT (1) 
where R is the universal gas constant. The compressibility factor (Z) is a dimensionless 
quantity relating the behavior of a real gas to that of an ideal gas expressed by (Smith et 
aI.,2002): 
z = Pv / RT (2) 
1 
Specifically, the compressibility factor of an ideal gas is one. Although the ideal gas law 
is a reasonable model for predicting behavior of gases at low pressures and high 
temperatures (when atoms are spaced far apart and intermolecular forces are negligible), 
it becomes increasingly inaccurate at higher pressures and lower temperatures (when 
intermolecular forces are appreciable). Thus, better methods for predicting the behavior 
of real gases were needed. One earl y model was the van der Waals model for a fluid 
composed of particles of non-zero size and a pairwise interparticle force. The van der 
Waals equation was attractive because it is a relatively simple expression that predicts the 
formation of a liquid phase where applicable. Over the years, improved equations of 
state have followed the van der Waals equation. They include the Virial equation, 
Reidlich-Kwong equation of state, Reidlich-Kwong-Soave equation of state, and Peng-
Robinson equation of state. While each of these equations may predict results more 
accurately, they also become increasingly more complex to analyze. They involve the 
computation of reduced parameters and compressibility factors (Himmelblau, 2000). 
The original van der Waals equation of state is represented by the expression (Smith 
et aI., 2002): 
P=RTI(v-b)-alv 2 (3) 
Parameters b and a are constants whose values are determined from the measured critical 
pressure value Pc and the critical temperature value Te. The constant b accounts for the 
atomic volume of the gaseous molecules, while parameter a is a molar enhancement 
factor that accounts for attractive interactions between the molecules. Since the critical 
2 
isotherm exhibits a horizontal inflection at the critical point, we may impose the 
mathematical conditions (Smith et aI., 2002) 
(4) 
where the subscript "c" denotes the critical point. Differentiation of the pressure-explicit 
form of the VDW equation of state yields expressions for the above derivatives, which 
may be set equal to zero. Using algebraic manipulation, it can be shown that (Smith et 
aI.,2002): 
a = (27 /64)* R2r,2 / Pc 
b = (118)* RTc / Pc 
(5) 
(6) 
According to these equations, the parameters a and b are constant values. However, it is 
well known that these parameters are not constant, varying somewhat with temperature 
and pressure (McNeill and Collins, 2004). 
The purpose of this research is to investigate the efficacy of a modified van der 
Waals equation of state, based on the assumption that the behavior of gas atoms can be 
approximated by hard spheres. That is, the value of b is derived from hard sphere 
behavior. Also, an empirical algebraic equation is incorporated to account for variations 
in a with respect to temperature. Thus, physical property charts (specifically molar 
volume and molar enthalpy charts) will be developed by calculating the residual 
properties for six compounds (argon, ethane, propane, n-butane, n-pentane, and water). 
3 
These residual property values will then be compared and contrasted with values obtained 
using the Reidlich-Kwong-Soave, Reidlich-Kwong, and original van der Waals equations 
of state. The goal of this thesis is to revise an existing simplified model and achieve a 
precision normally attained by more complex equations of state. 
4 
II. LITERATURE REVIEW 
A. Evolution of Equations of State 
As described in Chapter I, equations of state relate the specific volume (v) of a 
substance as a function of temperature (T) and pressure (P) via empirical relationships. 
TABLE I lists some of the more commonly used equations of state in addition to the Van 
der Waals equation of state (Himmelblau, 2000): 
TABLE I 
EQUATIONS OF STATE (Himmelblau, 2000) 
van der Waals (P + a / j!) * (v - b) = RT 
a = (27/64) * (R2*T/ / Pc) 
b=(1/8)*(R*Tc/ Pc) 
Reidlich-Kwong [P + a / T1/2 * V * (v + b)] * (v - b) = RT 
a = 0.42748 * (R2*T/ 5 / Pc) 
b= 0.08664 * (R*T c / Pc) 
Reidlich-Kwong-Soave P=(RT / v - b) -faa / v * (v + b)) 
a = 0.42748 * (R2Tc2 / Pc) 
b = 0.08664 * (R*Tc / Pc) 
a = [1 + K * (1 - T r1/2)]2 
K = 0.480 + 1 .574 *(() - 0.176*(()2 
(() = acentric factor 
Peng-Robinson P = (RT / v - b) - (aa / v * (v - b) + b * (v - b)) 
a = 0.45724 * (R2Tc2 / Pc) 
b = 0.07780 * (R*Tc / Pc) 
a = [1 + K * (1 - T r1/2 )]2 
K = 0.37464 + 1.54226*(() - 0.26992*(()2 (() = acentric factor 
Kammerlingh-Onnes Pv = RT * (1 + BN + CN2 + ... ) 
Holborn Pv = RT * (1 + B'P + C'p2 + ... ) 
5 
All of the equations in TABLE I are listed in general form. Each of the equations of 
state can be rearranged and presented in a volume-explicit form. Two-constant forms of 
the equation of state include the Reidlich-Kwong, Reidlich-Kwong-Soave, and Peng-
Robinson equations of state. These equations often do a better job of predicting the P-v-
T properties of particular substances, but the calculations involve more intensive methods 
of determining the constants; additionally, they involve the input of extra constants 
(acentric factor, for example). The equations illustrated by Kammerlingh-Onnes and 
Holbom are known as virial forms of the equation of state. They are essentially infinite 
power series based on either (1/ v), the reciprocal of the molar volume, or P, total 
pressure. The variables B, C, and D, etc., are temperature-dependent quantities known as 
virial coefficients. The coefficients Band C are calculated from statistical 
thermodynamics (Prausnitz et aI., 1999). It is important to note that all of these equations 
reduce to the ideal gas law (equation 1) at low pressures (Himmelblau, 2000). 
Despite their shortcomings, equations of state are important for a number of reasons. 
They allow for an ordered summary of an intense amount of experimental data and 
permit for accurate interpolation between the experimental data points. Furthermore, 
expressing the P-v-T relationships as continuous functions facilitates the calculation of 
physical properties using differentiation and integration. Most important, equations of 
state provide a starting point in the determination of the thermodynamic properties of 
mixtures (Himmelblau, 2000). 
With the exception of the virial forms of the equation of state, the law of the 
corresponding states provides an explanation for the above equations. Early 
experimenters found that at the critical point all substances are in approximately the same 
6 
state of molecular dispersion (Himmelblau, 2000). In other words, the compressibility 
factor (Z), for different fluids, exhibits similar behavior when related to its critical state, 
which is defined for the gas-liquid transition as the set of physical conditions at which the 
density and other properties of the liquid and vapor become identical. For pure 
components, the critical state is the highest temperature at which liquid and vapor can 
exist in equilibrium (Smith et aI., 2002). The physical meaning of the critical 









FIGURE 1 - The Phase Diagram 
The critical state is determined using a set of terms known as the reduced conditions. 
These are conditions of temperature, pressure, and molar volume normalized to the 
values at the critical point. This led to the development of the two-parameter theorem of 
corresponding states as suggested by van der Waals. It states that all fluids, when 
7 
compared at the same reduced temperature and reduced pressure, have approximately the 
same compressibility factor, and all deviate from ideal-gas behavior to about the same 
degree (Smith et aI., 2002). Simply put, any substance would have the same reduced 
molar volume at the same reduced temperature and pressure. The compressibility factor 
is a dimensionless quantity relating the behavior of a real gas to that of an ideal gas. As 
noted in Chapter I, the compressibility factor of an ideal gas is one. 
While the two-parameter theory of corresponding states provided early theoreticians 
with an explanation for the behavior of simple fluids, deviations were observed for more 
complex fluids. Subsequent research, coupled with advent of computers and other 
advanced machines, allowed for a more comprehensive explanation of fluid behavior. 
Appreciable improvement was brought about by the introduction of a third parameter, a 
parameter based on molecular structure. The most commonly used parameter that 
represents this quantity is known as the acentric factor (m). The acentric factor can be 
determined for any fluid from the critical temperature, critical pressure, and a single 
vapor-pressure measurement made at Tr = 0.7 using the following equation (Smith et aI., 
2002): 





However, values for the acentric factor for particular substances are listed in 
numerous technical sources. With the introduction of the acentric factor, the three-
parameter theorem of corresponding states reads as follows: All fluids having the same 
value of m, when compared at the same reduced temperature and pressure, have about the 
8 
same value of Z (compressibility factor), and all deviate from ideal-gas behavior to about 
the same degree. This theorem validates the Peng-Robinson and Reidlich-Kwong-Soave 
equations of state (Smith et al., 2002). 
B. The van der Waals Equation of State and Some Simple Modifications 
The pressure-explicit form of the original van der Waals equation of state, in terms 
of temperature and gas molar volume, is (TABLE I): 
P=RTI(v-b)-alv 2 (3) 
Parameters a and b are constants whose values are determined from the measured critical 
pressure value Pc and the critical temperature value Te. The parameter a is a molar 
enhancement factor that accounts for attractive interactions between the molecules while 
the parameter b accounts for the atomic volume of the gaseous molecules. While these 
parameters improve upon thermodynamic computation from the ideal gas law, they are 
only really valid for data at the critical conditions. It turns out that the parameters a and b 
are not constant. Both are dependent upon the temperature and the gas concentration, or 
gas molar density (p = I/v) (McNeill et al., 2004). TABLE II below summarizes the 
changes made to the a and b-parameters from the original van der Waals equation of state 
to generate the modified van der Waals equation. 
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TABLE II 
MODIFICA TIONS TO V AN DER WAALS PARAMETERS 
Qiginal van der VIIaaIs lVkxIifiecl van der VIkIaIs 
a = (ZT 164) * (~*T/ I Pc) ~ = a1 -~ * (T I Tc) 
b= (1 18) * (Fncl PJ bHS = (ib/4) *[1 +~1 +2l{)2(p-2/Qi] 
tv = 0.18 * (Fncl PJ 
Parameter a accounts for attractive forces at a certain distance between real gas 
atoms. Furthermore, the a-parameter will be essentially temperature dependent (because 
the dependence upon gas molar density is negligible compared to the temperature 
dependence) (McNeill et aI., 2004). Conversely, the b-parameter involves the repulsive 
forces taking place between gaseous atoms during the moment of collision. As a result, 
this parameter will be mostly dependent upon the gas concentration (l/v), which is given 
is units of mol I cm3 (McNeill and Collins, 2004). In order to determine the dependence 
of the b-parameter upon the molar gas density, p = 1 I v, the hard-sphere model for gases 
was implemented. The hard-sphere model is based upon the assumption that atoms and 
molecules behave like bouncing hard spheres as illustrated in FIGURE 2. 
10 
FIGURE 2 - Hard Sphere Model for Modified VDW 
The spheres are incompressible and there are no attractive, frictional, and 
gravitational forces between the spheres. When applying the hard-sphere model to the 
van der Waals equation of state, only repulsive forces exist at the moment of collision. 
After a collision, momentum and energy are conserved. The equation of state for the 
hard-sphere model is similar to the van der Waals expression except that there is no 
negative teml relative to attractive interactions (McNeill and Collins, 2004): 
P = RT /(v-bHS ) (8) 
Molecular dynamics computer simulations were run using noble gases to determine 
the b-parameter dependence upon the molar gas density. Noble gases are a special case 
because they are inert; noble gases are nonpolar atoms that have no atomic forces. As 
stated previously, the hard-sphere model assumes that gas atoms are bouncing like 
11 
billiard balls in space with no attractive interactions at a distance. In order to compute 
the atomic volume (va) of the gas, the diameter of the hard-sphere atom is set equal to the 
Lennard-lones potential a-parameter obtained from the viscosity data (Prausnitz et aI., 
1999): 
(9) 
Gas atoms are initially arranged within the container by the simple cubic unit cell 
structure. A Gaussian random number generator is utilized to achieve the Maxwellian 
velocity distlibutions. By performing simulations using the hard-sphere model for large 
numbers of gas atoms, the numerical value of the total atomic volume, bHS, can be 
evaluated at different values of molar volume from the observed gas pressure P. During 
the computer simulation, the gas pressure P is determined from the collision rate of hard-
sphere gas atoms with the six cubic walls of the "control volume". Once the pressure is 
measured, the effective atomic molar volume is calculated by the following (McNeill and 
Collins, 2004) 
where NA is Avogadro's number and vefris the effective atomic volume based on the 
above experimentation at pressure P. 
By analyzing the changing value of parameter bHS with respect to changing gas 
molar volume, it is possible to derive an expression that approximately models the 
12 
(10) 
dependence of van der Waals parameter b with the molar gas volume v. To obtain a fit 
for the effective molar volumes bHS observed in these simulations as the molar gas 
density was increased, the following equation of a hyperbola was found to be the most 
appropriate when utilizing the simple cubic unit cell arrangement in the initial positioning 
of gas atoms (McNeill and Collins, 2004): 
(11) 
The parameter bo is set equal to four times the actual atomic molar volume bAY, or 
the total sum of atomic volumes in one mole of a monatomic gas (McNeill and Collins, 
2004): 
(12) 
The maximum value for the expression of bHS is bo, which occurs at zero pressures when 
the gas molar density (p) is zero. The minimum value of bHs is bol2 and occurs at infinite 
pressures when the minimum gas molar volume is also bol2 (McNeill and Collins, 2004). 
Similarly, for all other pure substances, if one substitutes the preceding expression 
for bHS into the original van der Waals equation of state, the parameters to be determined 
from the measured critical pressure and the measured critical temperature are a and boo 
Using differential calculus, it can be shown that for the hard sphere model the values of 





Six compounds were studied during the course of the analysis: argon, ethane, propane, n-
butane, n-pentane, and water. The b values for these substances calculated by equation 
14, equation 2, and from simulations at 298 K and gas molar density of one mole per liter 
(which simulates zero pressure conditions) are shown in TABLE III. 
TABLE III 
COMPARISON OF VAN DER WAALS b-PARAMETERS 
Compound bo (cm3 / mol) b (cm 3 / mol) bHs (cm3 / mol) 
Argon 46.06 32.00 51.00 
Ethane 93.74 65.12 
Propane 130.23 90.47 
n-Butane 167.53 116.38 
n-Pentane 208.50 144.85 
Water 43.89 30.49 
Once this variation in the b-parameter was verified, the temperature dependence of 
the parameter a in the modified van der Waals gas equation was determined. First, 
values of the parameter a were obtained at different temperatures using the measured 
equilibrium liquid vapor pressure data listed in Perry's Chemical Engineers' Handbook, 
7th Edition (1997). At the critical point, parameters ao and bo were determined using the 
condition of criticality. While bo is kept constant, the a-parameter was re-evaluated using 
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the integral expression below for each different measured liquid vapor pressure value 
Pequilibrium for specified temperatures T such that T < Tc (McNeill and Collins, 2004): 
~ ~ ~ f peT, v)dv = f RT /(v-bHS)dv- f aHS /v 2dv = Pequi/(V g -VI) (16) 
The values for the universal gas constant (R), temperature (T), and equilibrium gas 
pressure (Pequil) are all specified. The values for the vapor and liquid molar volumes (Vg 
and vD are obtained from Perry's Chemical Engineers' Handbook, 7th Edition (1997). 
The value for bHS is calculated from bo and the specified vg. Using differential calculus, 
the value of aHS can be determined. By observing plots of the a-parameter versus 
temperature, the dependence of the a-parameter upon temperature is essentially linear 
with a negative slope (McNeill and Collins, 2004): 
(17) 
Note that at the critical temperature, T = Tc and aHS = a] - a2 = ao. The numerical values 
for parameters a] and a2 can be computed utilizing a linear least squares fit. The 
experimentally determined values of a] and a2 for the six previously mentioned 
compounds are as follows in TABLE IV (McNeill and Collins, 2004): 
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TABLE IV 
MODIFIED V AN DER WAALS a-PARAMETERS 
Compound a1 (bar*cm6/moI2) a2 (bar*cm 6/moI2) 
Argon 1.35E+06 0 
Ethane 7.69E+06 1.18E+06 
Propane 1.39E+07 2.97E+06 
n-Butane 2.22E+07 5.35E+06 
n-Pentane 3.09E+07 8.75E+06 
Water 6.68E+06 6.07E+06 
C. Thermodynamic Properties from Equations of State 
As stated before, equations of state are important because they provide a starting 
point for the evaluation of thermodynamic properties of substances. These 
thermodynamic properties include, but are not limited to, internal energy, enthalpy, and 
entropy. Furthermore, the cornerstone thermodynamic property from which all other are 
derived is known as the Gibbs Energy (G). Unfortunately, there is no known 
experimental method for determining numerical values of Gibbs energy for a particular 
substance. However, the concept that the Gibbs energy can be used to generate all other 
thermodynamic properties leads to the definition of a closely related property for which 
numerical values are readily obtained. This property is known as a residual property. 
The residual Gibbs energy, GR, is defined by (Smith et aI., 1996): 
(18) 
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G and Gig are the actual and the ideal-gas values of the Gibbs energy at the same 
temperature and pressure. In fact, the general definition for a residual property is (Smith 
et aI., 1996): 
(19) 
M denotes the molar value of any extensive thermodynamic property - v, U, S, G, 
etc. The residual property quantifies the difference in thermodynamic properties of a real 
gas and that gas at ideal conditions (for the same temperature and pressure). In other 
words, the residual property accounts for the non-ideality of a gas. Using fundamental 
property relationships and Maxwell's relations, the residual enthalpy of a gas is (note that 
the derivative of the compressibility is taken at constant total molar volume) (Smith et aI., 
1996): 
y 
HR I RT = (Z -l)+Tf (aZ/aT)y *dvlv (20) 
Once the residual enthalpy has been calculated, the total enthalpy is determined by 
(Smith et aI., 1996): 
. T 
19 f . R H=Ho + C/g(dTIT)+H (21) 
To 
17 
Hoig is a standard-state enthalpy for an ideal gas taken at a reference condition of To 
and Po. cpig is determined from the following equation in Reklaitis (1983): 
Constants a through e come from fitting polynomial regressions of cpig vs. T and are 
listed in Reklaitis (1983). 
(22) 
The application of residual properties is most advantageous for gases because 
residual properties are quite small in comparison to the ideal-gas thermodynamic 
properties. It is not as effective when applied to liquids due to the large enthalpy and 
entropy changes due to vaporization. The fundamental theory behind residual properties 
can be applied to any equation of state - because they are continuous functions that can 
be integrated and differentiated. For example, for the Reidlich-Kwong equation of state 
(TABLE I): 
P = RT l(v-b)-al[T 1I2 *v(v+b)] (23) 
Rearrangement provides a form explicit in terms of compressibility (Smith et aI., 1996): 
Z = 1/(1- h) - (11 bRT1.5) * [hl(1 + h)] 




By algebraic manipulation and the use of differential calculus, it can be shown that the 
residual enthalpy for a gas at a particular pressure and temperature is given by (Smith et 
aI., 1996): 
HR = (Z -1) - (3a/2hRT1.5) *In(l + h) (26) 
TABLE V lists the equations for the residual enthalpy for different equations of 
state; details of these derivations are listed in Appendix III. 
TABLE V 
RESIDUAL ENTHALPIES FOR EQUATIONS OF STATE 
Original van der Waals HR / RT = [b / (v - b)j - (2a / vAl) 
a = (27/64) * (R2*T/ / Pc) 
b = (1 / 8) * (R*Tc / Pc) 
Reidlich-Kwong HR / RT = [h / (1 - h)j - (a / bRT1.S) * {[h / (1 + h)j + 1.S*ln(1 + h)} 
h = bP / ZRT = b / v 
a = 0.42748 * (R2*T/·s / Pc) 
b= 0.08664 * (R*Tc / Pc) 
Modified van der Waals HR / RT = [bHS / (v - bHS)j - (2a1 / vAl) + (a2 / vATc) 
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III. METHODS 
For each of the six compounds listed in Chapter II (argon, water, ethane, propane, 
n-butane, and n-pentane), physical property charts were created relating molar volume (v) 
and molar enthalpy (H) as a function of pressure and temperature. Examples of these 
types of charts are illustrated in FIGURES 3 AND 4. Values used to create these charts 
were calculated using Microsoft Excel and Microsoft VBA. For each compound, the 
Reidlich-Kwong-Soave, Reidlich-Kwong, original van der Waals, and modified van der 
Waals equations of state were utilized to create pressure-molar volume (Pv) charts; with 
regards to the pressure-enthalpy (PH) charts, only the latter three equations of state were 
used. Given below is a sample spreadsheet that illustrates how the gas and liquid molar 
volumes were calculated for ethane using the original VDW equation of state: 
TABLE VI 
EQUILIBRIUM VAPOR AND LIQUID MOLAR VOLUMES USING THE V AN DER 
WAALS EQUATION OF STATE 
1845 1008 l<Il8 8314 3053 48.72 06)4 0a21 100l 0.421875 5,578,93:1 0125 ffi.12 14807.7 1001 140011 k, UXl6 
1348 1348 3Cli3 48.72 O~ OCI2S tOOl 0421875 5,578,9aJ 0125 1fi12 11437.5 1.346 112848 ".1 1>16 .. , 
200 2179 2179 8314 XJ53 48.72 O!:E5 0045 1000 0421875 5,578,9al 0125 ffi.12 7'3411.3 2179 7343. ".3 2.179 
." 
210 3360 3$0 8314 3CE3 48.72 0.$8 0009 100l 0.421875 5,578,9a) 0125 8512 4928.6 3.3aJ "'253 .... 
"'" 
!DB 
23J 4957 4$7 
"". 
3053 48.72 0721 0102 lOOl 0421875 5,S78,9al 0125 8512 3425.4 4968 3.Z13 01.7 4.957 9" 
2:D 7003 7033 83.14 3CE3 48.72 0.753 0145 1000 0.421875 5,578,93) 0125 85.12 4M5Z.0 7(83 ".0 7.083 970 
2'() 9787 9787 sa14 3053 48.72 0786 03)1 1COO 0.0421875 5,578,93> 0125 65.12 17SIIS.2 97&1 1797.3 .... 9.787 1009 
200 13159 131!i1 sa14 .xJ53 48.72 0819 0270 tOOl 0.421875 5,578,9al 0125 ffi.12 1344.11 13.159 13446 .... 13.160 1006 
26J rn72 17272 8314 305.3 48.72 0.!ti2 0.355 1CXD 0421875 5,578,9<D 0125 66.12 102D.2 17.173 """2 111.5 17172 111.5 
270 22195 22.166 8314 3C!i3 48.72 0.!B4 0456 lCXD 0.421875 5,578,9aJ 0125 66.12 781.8 22.195 7818 119.5 21195 1195 
3C6.3 48.72 0917 0574 0421875 5,578,9:!l ,"12 
29:1 34707 347rJT 8314 3C!i.3 48.72 0550 0712 1CXD 0421875 5,578,9<D 0125 65.12 _7 459.7 153' 153.0 
3842.7 38427 
.. " 0789 0.421875 5,578,93) 0125 6512 ".426 3." 41$2 1590 
I "" 4Zl95 "'39> "" . .:ni3 48.72 0003 0870 0421875 5,578,9<D 0.125 6612 341.8 3416 169., 44.779 1660 
. ,." 48.72 1 CDO 096.2 1000 0.421875 5,578,92:> 0125 as 12 46.876 =2 46.876 
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Equilibrium conditions were analyzed first, over a range of temperatures beginning 
with the normal boiling point and ending at the critical point; temperatures between the 
endpoints were chosen at random intervals. The equilibrium pressure, otherwise known 
as the saturation pressure (psat), was calculated at each temperature using the Antoine 
Equation (Reklaitis, 1983): 
In rat = A - BI(T +C) (27) 
The temperature (T) must be in degrees Kelvin, while the pressure (P) is given in 
kilopascals (kPa). The constants A, B, and C are coefficients curved-fitted from 
experimental pressure and temperature data and given in Reklaitis (1983). After solving 
the Antoine Equation for pressure (P), appropriate constants pertinent to each equation of 
state (R, Tc, Pc, w, aI, a2, etc.) were employed to calculate values for a (units of bar*cm6 I 
mol2) and b (units of cm3 I mol); for the modified VDW equation of state, ao and bo were 
determined. The subsequent column of cells were independent values that could be 
entered arbitrarily; these cells were labeled Vvapor,guess. These cells serve as the initial 
values for the iterations to be described below. 
The next two columns of cells calculate the pressure and molar volume of the gas 
based upon the constants previously calculated in addition to the cell that supplies the 
initial guess. Listed in the TABLE VII are the pressure-explicit and molar volume-
explicit forms of the equation used for the vapor phase (Smith et aI., 2002): 
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TABLE VIII 
EQUATIONS OF STATE IN VAPOR MOLAR VOLUME EXPLICIT FORM 
Original van der Waals P=(RT / v - b) - (a / if) 
Modified van der Waals v = (RT / P) + b - {(a / P) * [(v - b) / if)} 
Reidlich-Kwong P=(RT / v - b) - (a / v * (v + b)) 
Re idl ich-Kwong-Soa ve v = (RT / P) + b - {(a / P) * [(v - b) / v * (v + b)]} 
The correct pressure and molar volume for each given temperature-pressure equilibrium 
data point was calculated using the Goal Seek tool in Microsoft Excel. The pressure 
value calculated from the applicable equation of state was set equal to the pressure 
calculated from the Antoine Equation by changing the cell that contained the initial 
guess. Excel continued to perform successive iterations until the two pressures were 
equal. As a check of this loop, the calculated molar volume should be equal to the cell 
that once contained the initial guess for the molar volume (which also now contains the 
correct final molar volume). Instead of executing the Goal Seek tool for each set of data 
points, a simple macro was written in Microsoft VBA to execute the Goal Seek tool for 
all sets of data points simultaneously. A small sample of the macro is shown below: 




















Once the gas molar volumes were determined, a similar procedure was incorporated 
in order to calculate the corresponding liquid molar volumes for the sets of equilibrium 
data points. The major difference is that the molar volume-explicit equations for the 
equations of state are given as the following (Smith et aI., 2002): 
TABLE VIII 
EQUATIONS OF STATE IN LIQUID MOLAR VOLUME EXPLICIT FORM 
Original van der Waals P=(RT / v - b) - (a / if) 
Modified van der Waals v = b + {if * [(RT + bP - vP) I a]} 
Reidlich-Kwong P=(RT / v - b) - (a / v * (v + b)) 
Reidlich-Kwong-Soave V= b + {[v * (v+ b)] * [(RT + bP - vP) / an 
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With the aforementioned exception, the process for calculating the correct pressures and 
liquid molar volumes via the Goal Seek tool are exactly the same. In addition to vapor-
liquid equilibrium conditions, pressure-molar volume behavior was examined under 
constant temperature conditions. Arbitrary temperatures were chosen above the critical 
temperature as well as below the critical temperature in the equilibrium region. For each 
temperature, the pressure was varied over a range of 1 bar (essentially atmospheric 
pressure) to approximately twice the critical pressure of the specific compound. Gas and 
liquid molar volumes, where applicable, were determined for these isotherms using the 
Goal Seek method previously mentioned. Consequently, the equilibrium gas and liquid 
molar volumes were plotted on the x-axis versus pressure, located on the y-axis; also on 
these graphs were relationships of molar volume versus pressure at each of the isotherms. 
Once the Pv relationships were prepared, attention was turned to developing 
pressure-enthalpy relationships, an example of which is shown in TABLE IX. In order to 
maintain cohesion, the pressures and temperatures used in developing the Pv diagrams 
were used again for the PH diagrams. Enthalpy is categorized as a state property, which 
is a property that does not depend on the past history of a substance nor by the means by 
which it reaches a given state. State properties are functions of present conditions, 
however reached. A state property always has a value; it can be expressed 
mathematically as a function of other thermodynamic properties (Smith, et aI., 2002). 
Hence, an arbitrary zero enthalpy has to be stated. This zero enthalpy is otherwise known 
as a standard-state enthalpy. Standard-state enthalpy was chosen as a liquid at the 
compound's normal boiling point, or nbp (temperature at which the saturation pressure is 
equal to atmospheric pressure). The first step in determining the total enthalpy of each 
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TABLE IX 
EQUILIBRIUM VAPOR AND LIQUID MOLAR ENTHALPIES FOR ETHANE USING THE ORIGINAL V AN DER WAALS 
EQUATION OF STATE 
i T(K) p ... (bar) T, P, T",,(K) t:;,..(o.,. -J I moI'K Mi,.", (J I mol) t>~. (J I mol) a (1D'*cm"/moI~ b (cni' I mol) V"""" (em") t-f,(JI mol) t-f 2 (J I mol) t>H..." (J I mol) H......." (J I mol) t-t....;q(J/moI) 
184.5 1.CUl 0..004 o..c.e1 184.5 41.375 14715.6 0.0. 5,578,92) 65.12 14007.7 -ffi 1 -68.1 14715.6 14715.6 0.0. 
100 1.346 0..622 o..CQ8 184.5 41.612 14715.6 228.9 5,578,92) 65.12 11437.5 -63.1 -88.5 14457.3 14924.1 466.8 
2Xl 2.179 0..655 0..045 184.5 42055 14715.6 651.8 5,578,92) 65.12 7349.3 -63.1 -137.0. 13967.4 15293.6 1a31.2 
210. 3.:Rl 0..688 0..009 184.5 42514 14715.6 1ffi4.1 5,578,92) 65.12 4928.6 -63.1 -2Cno. 13447.7 15664.8 2217.1 
220 4.967 0..721 0..102 184.5 42900 14715.6 1526.1 5,578,92) 65.12 3425.4 -ffi 1 -200.3 12893.0. 10019.5 3126.6 
220 7.083 0..753 0..145 184.5 43.478 14715.6 1978.3 5,578,92) 65.12 24520. -ffi 1 -402.9 122'J6.3 163ffi.1 4032.8 
240 9.787 0..786 0..3)1 184.5 43.981 14715.6 2441.0. 5,578,92) 65.12 1798.2 -ffi 1 -545.5 11648.2 1ffi79.1 5030.9 
250 13.159 0..819 0..270. 184.5 44.497 14715.6 2914.6 5,578,92) 65.12 1344.6 -63.1 -724.0. 10035.2 10074.2 0039.0. 
2m 17.272 0..852 0..355 184.5 45.025 14715.6 3399.4 5,578,92) 65.12 1020.2 -63.1 -946.3 10.137.0. 17233.8 7009.8 
270 22.195 0..884 0..456 184.5 45.564 14715.6 3005.7 5,578,92) 65.12 781.8 -ffi 1 -1223.3 923).3 17456.2 8235.8 
200 27.900 0..917 0..574 184.5 46.114 14715.6 4403.8 5,578,93) 65.12 601.2 -63.1 -1573.0. 8124.2 17614.6 9490.4 
200 34.707 0..950 0..712 184.5 46.673 14715.6 4924.0. 5,578,93) 65.12 459.7 -ffi 1 -3)29.4 6710.8 17678.3 10067.4 
295 38.427 0..006 0..789 184.5 46.956 14715.6 5188.6 5,578,92) 65.12 398.8 -ffi 1 -2319.3 5773.9 176530. 11879.1 
.. -
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compound at a specific temperature and pressure is to determine the enthalpy of 
vaporization at its nbp. The enthalpy of vaporization for a substance at its normal boiling 
point is given in Reklaitis (1983). Once the liquid is vaporized, the compound becomes a 
saturated vapor in the real-gas state. In order to convert the vapor to an ideal-gas state, 
the residual enthalpy (which is actually a negative quantity) must be subtracted from the 
enthalpy of vaporization at the nbp. Recall that residual enthalpy is calculated for the 
original VDW equation of state by the following (Smith et al., 2002): 
HR = RT{[b/(v -b)]-(2a/vRT)} (28) 
Now the vapor is in an ideal gas-state. Enthalpy necessary to convert the ideal gas from 
its reference temperature to its actual temperature comes from the heat capacity (cp) and 
is defined by (Smith et al., 2002) 
Mf = C p,avg (Tjinal - Tinitial) (29) 
where cp is calculated by the following, obtained from Reklaitis (1983): 
(22) 
Constants a through e are fitted polynomial regressions from experimentally determined 
quantities of temperature and heat capacity listed in Reklaitis (1983). The heat capacity 
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was calculated at Tinitial and T final and an average of the two was calculated and used in 
equation 29. 
Next, the residual enthalpy necessary to convert the ideal-gas at its final temperature 
(H\) back to a real gas is once again achieved by equation 28. The result is the total 
enthalpy of a real vapor at a specific temperature and pressure. If the total liquid 
enthalpy is desired, simply subtract the enthalpy of vaporization at the stated equilibrium 
temperature. One suitable expression is the Clausius-Clapeyron equation: 
MJ =TI1V*dpwt /dT (30) 
However, approximations given by the Antoine equation in calculating the saturation 
pressure rendered the Clausius-Clapeyron equation unusable; at low pressures and high 
vapor molar volumes, the enthalpy of vaporization as calculated by equation 30 was 
greater than the enthalpy of vaporization at the nbp listed in Reklaitis (1983) - this is not 
possible. An appropriate expression used to calculate the enthalpy of vaporization more 
precisely is given by Watson (Smith et al., 2002) 
MJ 2 / I1H I = (1- Tr2 /1- Trl )0.38 (31) 
where Tr2 is the reduced temperature at the stated equilibrium temperature, Trl is the 
reduced temperature at the normal boiling point, and I1HJ is the enthalpy of vaporization 
at the normal boiling point given in Reklaitis (1983). The reduced temperature is defined 
by the expression (Smith et al., 2002): 
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(32) 
In summary, the total vapor and liquid enthalpies for a particular compound at a 
specified temperature and pressure are calculated by the following (Smith et aI., 2002): 
H vapor = H ° + I'l.H vap,n - H R 1 + C p,avg (T final - ~nitial ) + H R 2 (33) 
H/iqUid = H
O 
+l'l.Hvap,n _HRI + Cp,avg(Tfinal -~nitial)+HR2 -1'l.H2 (34) 
These vapor and liquid enthalpies, where applicable, were plotted along the x-axis versus 
pressure, which was plotted along the y-axis on a logarithmic scale. 
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IV. RESULTS AND DISCUSSION 
For each of the species studied, vapor-liquid equil ibrium relationships and lines of 
constant temperature (called isotherms) were analyzed vi a the Reidlich-Kwong-Soave, 
Reidlich-Kwong, ori ginal van der Waals, and modifi ed van der Waals equati ons of state. 
FIGURES 5 and 19 through 41 ill ustrate the Pv relationships for each of the six 
compounds. Simi larly, FIGURES 6 and 42 through 58 show the PH relati onships for the 
aforementioned substances. All of these fi gures are located in Appendices I and II. 
These diagrams also contain equilibIium and isothermal pressure-molar enthalpy 
relati onships. An example of these charts is shown in FIGURES 5 and 6 . 
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FIGURE 5 - Vapor and Liquid Molar Volumes of Argon Using the 
Reidlich-Kwong-Soave Equati on of State 
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FIGURE 6 - Vapor and Liquid Molar Enthalpies of Argon Using the 
Reidlich-Kwong Equation of State 
FIGURES 7 thru 12 depict pressure-molar volume relati onships for the six different 
compounds analyzed in thi experi ment. Each of the figures contains the vapor-liquid 
equi librium relationships as calculated per the Reidlich-Kwong-Soave, Reidlich-Kwong, 
ori ginal van der Waals, and modi fied van der Waals equations of state. These calculated 
values are compared alongs ide experimental vapor-liquid equi librium data taken from 
Pen'Y's Chemical Engineers' Handbook, Seventh Editi on (1997) (note: no expeIimental 
data was available for l1-pentane). 
For argon, shown in FIGURE 7, the vapor molar volumes calculated by the modified 
van der Waals equati on are higher than the vapor molar vo lumes as calculated by the 
ori ginal van der Waals equation. In turn , the oti ginal VDW predicted higher vapor molar 
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volumes than the RK and RKS equations of state, the latter of which best agreed with the 
experimental data. 
However, results were more promising when applied to the real gases (ethane, 
propane, n-butane, and n-pentane). The modified van der Waals equation predicted 
vapor molar volumes just as well as, or at times better than, the Reidlich-Kwong and 
Reidlich-Kwong-Soave equations of state. Calculated values were very near 
experimental data; an exception was n-butane, where some expected values were actually 
less than experimental values. For all four hydrocarbon gases, the modified van der 
Waals was much more precise than the original van der Waals equation of state. 
Furthermore, the modified van der Waals equation of state did well estimating the critical 
volume - it was often several orders of magnitude more precise than the other equations 
of state. These results are illustrated in FIGURES 8 through 11. 
The inconsistency of the modified VDW is typified by the analysis of water at its 
vapor-liquid equilibrium. Calculated values of the vapor molar volumes are significantly 
higher for the modified van der Waals equation of state than for any of the other 
equations of state; the expected values fall nowhere near the experimental data. 
Furthermore, values for the liquid molar volumes of water would not even converge to a 
final answer, whereas for the other five compounds liquid molar volumes were consistent 
with given experimental data. The semi-uniqueness of water can be attributed to its 
intermolecular forces. Water is an extremely polar molecule; furthermore, hydrogen 
bonding produces significant attractive forces between water molecules. On the other 
hand, argon is a noble gas and possesses no intermolecular forces, and the four 
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hydrocarbons are re latively nonpolar molecules that possess only insignificant inductive 
and dispersive intermolecular forces. 
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FIGURE II - Effect of Pressure on n-Pentane Molar Volume 
250 --- -- - - -
--- -----




-.t- NEW VOW 
____ EXPERIMENTAL 
o 
o 200 400 600 800 tlOO 1200 1400 '600 1300 2000 
Molar Volum e (em 3 1 mol) 
FIGURE 12 - Effect of Pressure on Water Molar Volume 
3S 
FIGURES 13 through 18 show the pressure-enthalpy relationships for the same six 
compounds. Analysis of these figures reveals that the Reidlich-Kwong equation of state 
more precisely predicts the total vapor and liquid molar enthalpies than the modified van 
der Waals equation of state; in many cases, analysis via the RK equation of state mimics 
the experimental data. In tum, the modified VDW is a better tool of predicting total 
molar enthalpies than the original van der Waals equation of state. The varying 
accuracies of the different equations of state are attributed to the residual enthalpies 
calculated via each equation of state. In other words, the residual enthalpy calculated by 
the modified van der Waals equation of state is much greater than the residual enthalpy as 
calculated by the original VDW; in addition, the residual enthalpy is much closer to the 
residual enthalpy as determined from the experimental data. In fact, for n-butane, the 
molar enthalpies as predicted by the modified VDW are very similar to the experimental 
enthalpies. 
The lone exception once again is water. As illustrated in FIGURE 18, the total 
molar enthalpies as calculated by the modified van der Waals equation of state is far less 
accurate than the Reidlich-Kwong and original van der Waals equations of state. 
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FIGURE 13 - Effect of Pressure on Argon Molar Enthalpy 
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FIGURE 14 - Effect of Pressure on Ethane Molar Enthalpy 
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FIGURE 15 - Effect of Pressure on Propane Molar Enthalpy 
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FIGURE 16 - Effect of Pressure on n-Butane Molar Enthalpy 
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FIGURE 18 - Effect of Pressure on Water Molar Enthalpy 
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The magnitude of the value of the residual enthalpy is dependent upon the equation 
of state that is utilized to calculate the residual enthalpy. Each equation of state 
calculates the a and b parameters by different methods. The dependence of these 
parameters upon changes in temperature (T) and molar volume (v) affects the relative 
magnitude of the residual enthalpy. For example, the modified van der Waals equation of 
state calculates the residual enthalpy by the following (McNeill et aI., 2004): 
H R = RT[bHs I(v -bHS )]+ [(a2 Iv) * (T ITc )]- 2a1 Iv (35) 
(11) 
(17) 
TABLES X AND XI illustrate how the residual enthalpy changes for ethane as one 
of the modified van der Waals parameters is varied while keeping the other constant. 
TABLE X 
EFFECT OF a-PARAMETER ON ETHANE RESIDUAL ENTHALPY 
T (K) P sat (bar) aHS (bar*cm6/moI2) bHs (cm 3 1 mol) HR2 (J I mol) 
360 1.0 6.298E+06 93.64 -37.5 
350 1.0 6.337E+06 93.64 -39.0 
340 1.0 6.376E+06 93.63 -40.6 
330 1.0 6.414E+06 93.63 -42.3 
320 1.0 6.453E+06 93.62 -44.1 
310 1.0 6.492E+06 93.62 -46.0 
300 1.0 6.531E+06 93.62 -48.0 
290 1.0 6.569E+06 93.62 -50.2 
280 1.0 6.608E+06 93.61 -52.5 
270 1.0 6.647E+06 93.61 -55.0 
260 1.0 6.686E+06 93.61 -57.7 
40 
TABLE XI 
EFFECT OF b-PARAMETER ON ETHANE RESIDUAL ENTHALPY 
T (K) Psat(bar) aHS (bar*em6!moI2) bHS (em3 ! mol) HR2 (J! mol) 
360 1.0 6.298E+06 93.64 -37.5 
360 5.0 6.298E+06 93.24 -190.1 
360 10.0 6.298E+06 92.73 -387.1 
360 15.0 6.298E+06 92.18 -591.6 
360 20.0 6.298E+06 91.62 -804.3 
360 25.0 6.298E+06 91.02 -1026.1 
360 30.0 6.298E+06 90.40 -1257.9 
360 35.0 6.298E+06 89.74 -1500.7 
360 40.0 6.298E+06 89.04 -1755.5 
360 45.0 6.298E+06 88.30 -2023.7 
360 50.0 6.298E+06 87.51 -2306.4 
360 55.0 6.298E+06 86.67 -2604.6 
360 60.0 6.298E+06 85.77 -2919.0 
360 65.0 6.298E+06 84.81 -3249.2 
360 70.0 6.298E+06 83.80 -3593.4 
360 75.0 6.298E+06 82.73 -3947.5 
360 80.0 6.298E+06 81.64 -4304.4 
360 85.0 6.298E+06 80.54 -4654.8 
360 90.0 6.298E+06 79.46 -4989.3 
360 95.0 6.298E+06 78.44 -5300.1 
360 100.0 6.298E+06 72.76 -6332.2 
As pressure is increased while temperature is kept constant, the a-parameter remains 
unchanged. However, the molar volume (v) and b-parameter decrease; the magnitude of 
the decrease of v is much greater then the change in b as the pressure is increased. 
Therefore, the quantity b! (v - b) increases greatly because the quantity (v - b) decreases 
significantly; as a result, the magnitude of the residual enthalpy (HR) increases by an 
extremely large amount. 
The b-parameter remains essentially constant when pressure is kept constant; this 
keeps the molar volume (v) relatively constant as well because the gas density (p) does 
not change at constant pressure. The a-parameter changes as temperature changes, based 
on equation 14; the b-parameter also changes minimally (a temperature difference of 100 
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degrees Kelvin causes a change in bHS by 0.03). Therefore, the only values that change 
the residual enthalpy at constant bHS is the temperature shown in the first two terms of 
equation 34. Unless the temperature changes significantly (on the order of magnitude of 
ten, for example), the residual enthalpy will not change significantly. 
These assumptions are backed by data created from the modified van der Waals 
equation of state shown in TABLES X AND XI. While aHS is kept constant, the pressure 
is varied such that bHS decreases from approximately 94 to 73. However, HR increases by 
almost a factor of 200. On the other hand, a temperature variation of 100 degrees K does 
not even affect the residual enthalpy by a factor of two. It is evident that the b-parameter 
influences the residual enthalpy more than the a-parameter. 
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V. CONCLUSIONS 
• Vapor molar volumes predicted by the modified van der Waals equation of state were 
less accurate than the Reidlich-Kwong-Soave, Reidlich-Kwong, and original van der 
Waals equations of state with respect to argon. 
• Vapor molar volumes predicted by the modified van der Waals equation of state were 
more accurate then the original van der Waals equation of state when the 
hydrocarbons (ethane, propane, n-butane, and n-propane) were analyzed. 
• Vapor molar volumes predicted by the modified van der Waals equation of state were 
just as accurate as the RKS and RK equations of state and also compared favorably 
with the experimental data. 
• Critical volumes predicted by the modified van der Waals equation of state were 
consistent with experimentally determined critical volumes for all compounds except 
water. 
• Liquid molar volumes predicted by the modified van der Waals equation of state 
mirrored experimentally measured liquid molar volumes for all compounds except 
water. 
• All molar volumes predicted by the modified van der Waals equation of state were 
extremely inaccurate for water because of the relative proximity of the a-parameters, 
a] and a2. 
• Residual enthalpies predicted by the modified van der Waals equation of state were 
more accurate (i.e. closer to the experimental data) than residual enthalpies predicted 
by the original VDW equation of state for all of the compounds except water. 
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• Residual enthalpies predicted by the modified van der Waals equation of state were 
less accurate (i.e. further from the experimental data) than residual enthalpies 
predicted by the Reidlich-Kwong equation of state for all six compounds. 
• Residual enthalpies predicted by the modified van der Waals equation of state were 
less accurate than residual enthalpies predicted by the original VDW equation of state 
for water. 
• The inaccuracy of the enthalpy data for water is also attributed to the relative 
proximity of the a-parameters for water. 
• The b-parameter used in the modified van der Waals equation of state has a greater 
influence on the magnitude of the residual enthalpy than the a-parameter. 
• The modified van der Waals equation of state is not thermodynamically consistent; in 
other words, different thermodynamic properties do not follow the same trends when 
compared to other equations of state for various compounds. 
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VI. RECOMMENDATIONS 
• Apply the modified van der Waals equation of state to other compounds to determine 
if other trends can be discovered. 
• Analyze thermodynamic properties, besides molar volume and molar enthalpy, using 
modified van der Waals equation of state to verify that the equation of state is 
thermodynamicall y inconsistent. 
• Re-examine the values of a] and a2 for water to ensure that these values are correct. 
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APPENDIX I 
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FIGU RE 21 - Vapor and Liquid Molar Volumes of Argon Using the 
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FIGURE 22 - Vapor and Liquid Molar Volumes of Ethane Using the 
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FIGURE 23 - Vapor and Liquid Molar Volumes of Ethane Us ing the 
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FIGURE 24 - Vapor and Liquid Molar Volumes of Ethane Using the 
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FIGURE 25 - Vapor and Liquid Molar Volume of Ethane Using the 
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FIGURE 27 - Vapor and Liquid Molar Volumes of Propane Using the 
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FIGURE 29 - Vapor and Liquid Molar Volumes of Propane Using the 
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FIGURE 30 - Vapor and Liquid Molar Volumes of n-Butane Using the 
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FIGU RE 31 - Vapor and Liquid Molar Volumes of n-Butane Using the 
Reidlich-Kwong Equati on of State 
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FIGURE 33 - Vapor and Liquid Molar Volumes of n-Butane Using the 
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FIGURE 34 - Vapor and Liquid Molar Volumes of n-Pentane Using the 
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APPENDIX II 
PRESSURE-MOLAR ENTHALPY GRAPHS 
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APPENDIX III 
RESIDUAL ENTHALPY CALCULATIONS 
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A. Reidlich-Kwong Equation of State 
Equation of State: P = RT I(v - b) - alT II2 *v * (v + b) 
Z = Compressibility = Pv I RT = v I RT * lRT I(v - b) - alT II2 *v * (v + b)J 
Z = v I (v - b) - a I T 112 * (v + b) RT 
Z =vl(v-b)-aIT 3/2R*(v+b) 
Z = v I(v - b) - [a I T 3/2 R * (v + b)] * (b I b) 
Z = {v I(v - b) - a I bT 3/2 R * [b I(v + b)]} * [(llv)/(l/v)] 
Z =l/(l-blv)-albRT 3/2 *[(blv)/(I+blv)] 
h = blv 
Z = l/(I- h) -l/ bRT 3/2 * (hll + h) 
Z = [(1- h) + h]/(I- h) - al bRT 3/2 * (hll + h) 
Z =1+(hll-h)-albRT 3/2 *(hll+h) 
Z -1 = (hi 1-h) - al bRT31 2 * (hi 1 + h) 
v 
HR I RT = (Z -1)+Tf (aZ/aT)v *dvlv 
(aZ I aT)v = a I aT{v I(v - b) - al bRT 3/2 * [bl(v + b)]} 
(aZ I aT)v = a I aT{ -al bRT 3/2 * [bl(v + b)]} = d I dT{-al bRT 3/2 * [bl(v + b)]} 
(aZ/aT\ = [-ablbR*(v+b)]*dldT(T-3/2 ) 
(aZ I aT)v = [-ab I bR * (v + b)] * [(-31 2)T-5/2 ] 
(aZ I aT)v = 3a I 2bRT 5/2 * [b I(v + b)] 
v v 
f (aZ I aT)v * dv Iv = f 3al2bRT 5/2 * (blv + b) * dv Iv 
v v 
f (aZ I aT)v * dv Iv = 3al2bRT 5/2 f (hll + h) * dv I(bl h) 
v h 
f (aZ I aT)v * dv Iv = 3al2bRT 5/2 f (hll + h) * d(bl h)/(bl h) 
o 
v h 
f (aZ I aT)v * dv Iv = 3al2bRT 5/2 f (bhll + h) * d(l/ h)/(bl h) 
o 
v h 
f (aZ I aT)v * dv Iv = 3al 2bRT 5/2 f (bhll + h) * (-II h2 ) * dhl(bl h) 
o 




f (dZ I dT)v * dv Iv = -3a12bRT5/2 f (dhll + h) 
o 
v 
f (dZ I dT)v * dv Iv = - 3a I 2bRT 5/2 * In(1 + h)~ 
v 
f (dZ I dT)v * dv Iv = -3al 2bRT 5/2 * [In(1 + h) -In1] 
v f (dZ/dT)v *dv/v = -3a12bRT 5/2 *In(1+h) 
v 
HR I RT = (Z -l)+Tf (dZldT)v *dvlv 
H R / RT = (Z -1) + T(-3a/ 2bRT 5/2 ) * In(1 + h) 
HR / RT = (Z -1)-(3a/2bRT 3/2 )*ln(1+h) 
HR / RT = [hl(1- h)] - a/ bRT 3/2 * {[hl(1 + h)] + 1.5 In(1 + h)} 
h =blv 
2 2 I a = 0.42478R Tc ~ 
b = O.08664RTc I ~; 
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B. Original van der Waals Equation of State 
P = RT I(v -b) -alv2 
Z = P v I RT = v I RT * [RT I (v - b) - a I v 2 ] 
Z = v I(v -b) -alvRT 
Z = [(v -b) +b]/(v -b) - alvRT 
Z -1 = bl(v -b)-alvRT 
y 
HR I RT = (Z -l)+Tf (dZldT)y *dvlv 
(dZ I dT)y = d I dT[v I(v - b) - alvRT] 
(dZ I dT)y = d I dT(v Iv - b) - (alvR) * d I dT(lIT) 
(dZ I dT)y = (-alvR) * d I dT(lIT) 
(dZldT)y = (-alvR)*(-lIT 2 ) 
(dZ I dT)y = alvRT2 
v y 
f (dZ I dT)y * dv Iv =f (alvRT2) * dv Iv 
y y 
f (dZ I dT)y *dv Iv =al RT2 f dv Iv 2 
y 
f (dZ I dT\ * dv Iv =al RT2 *(-lIv( 
y 
f (dZ I dT)y * dv Iv =al RT2 * (-lIv) 
y 
f(dZldT)y *dvlv =-alvRT2 
y 
HR I RT = (Z -l)+Tf (dZldT)y *dvlv 
HR I RT = (Z -1)+T(-alvRT 2) 
HR I RT = [bl(v -b)] - (lIv) * (al RT) - alvRT 
H R I RT = [b I(v - b)] - 2a I vRT 
a = 27 R2T(2 I 64P,: 
b = RTr 18p" 
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C. Modified van der Waals Equation of State 
Z -1 = bl(v -b) - alvRT 
(aZ I aT)v = a I aT[bl(v - b)] - a I aT(alvRT) 
- a I aT(alvRT) = (-1/vR2) * (dv I dT) * (az ITc - a] IT) + a] IvRT z 
a I aT[bl(v -b)] = [(v - b) * (db I dT) - b * (dv I dT)]/(v - b)2 
dvldT = 0 
(dbldT)v =(ablav)*(avlaT)=O 
d I dT[bl(v - b)] = 0 ~ (az I aT)v = a] IvRT2 
v 
HR I RT = (Z -1)+Tf (aZlaT)v *dvlv 
v 
HR I RT = (Z -1)+Tf (a] IvRT 2 )*dvlv 
v 
H R I RT = (Z -1) + (a] I RT) f v-2 dv 
HR I RT = (Z -1) + (a] I RT)(-1/v( 
H R I RT = (Z -1) + (a] I RT) * (-1/ v - 0) 
H R I RT = (Z -1) - a] I vRT 
H R I RT = b I( v - b) - a] I vRT - a I vRT 
H R I RT = b I (v - b) - { [a] - a2 * (T I TJ] I vRT} - a] I vRT 
H R I RT = b I (v - b) - a j I vRT + a2 * (T I Tc ) I vRT - a] I vRT 
HR I RT = bl(v -b) - 2a] IvRT + a2 * (T ITJlvRT 
HR I RT = bl(v -b)-2a] IvRT +az IvRTc 
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